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Hot flow model tests of multiple nozzle exhaust eductor
systems were conducted to evaluate effects of exhaust tem-
perature on eductor performance. A one-dimensional analysis
of a simple eductor system based on conservation of momentum
for an incompressible gas was used in determining the non-
dimensional parameters governing the flow phenomenon.
Eductor performance is defined in terms of these parameters.
An experimental correlation of these parameters which was
previously developed and used to correlate cold flow data
was found to be effective in correlating both cold and hot
flow data for eductor systems. Temperature data was obtained
for the mixing stack wall and the exhaust flow at the
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A - Area, in
C - Sonic velocity, ft/sec
D - Diameter, in
f - Friction factor
F - Functional denotation
F
f
- Wall skin-friction force, lbf
g - Proportionality factor in Newton's Second Law,
gc
= 32.174 lbm-ft/lbf-sec 2
h - Enthalpy, Btu/lbm
k - Ratio of specific heats
L - Length, in
P - Pressure, in H_0
P_, B - Atmospheric pressure, in Hg
a
R - Gas constant for air, 53.34 ft-lbf/lbm-°R
S - Standoff distance, in
T - Temperature, °F, °R
U - Velocity, ft/sec
W, m - Mass flow rate, lbm/sec
x - Axial distance from mixing stack entrance, in
Dimensionless Groupings
A* - Secondary flow area to primary flow area ratio
K - Kinetic energy correction factor
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K - Momentum correction factor at the mixingm i • .stack exit
K - Momentum correction factor at the primary
p nozzle exit
M - Mach number
AP* - Pressure coefficient
Re - Reynolds number
T* - Secondary flow absolute temperature to primary
flow absolute temperature ratio
W* - Secondary mass flow rate to primary mass flow
rate ratio




\i - Absolute viscosity, lbf-sec/ft
3Density, lbm/ft"
{ + =r A /A
m 2 w mB - K % r
Subscripts
- Section within secondary air plenum
1 - Section at primary nozzle exit
2 • - Section at mixing stack exit
B - Burner






























Pressure drop across entrance transition
nozzle, in H^O
Fuel flow meter reading, Hz
Pressure coefficient
Ambient pressure, in Hg
Pressure differential across secondary
flow nozzles, in H
2
Uptake static pressure, in H~0
Mixing stack static pressure, in H
2
Static pressure upstream of entrance
transition nozzle, in Hg
Uptake static pressure, in H^O
Dimensionless pressure coefficient
Absolute temperature ratio, secondary
flow to primary flow
Ambient temperature, °F
Mixing stack wall temperature, °F
Uptake temperature, °F
Average velocity in mixing stack, ft/sec
Primary flow velocity at nozzle exit, ft/sec
Primary flow velocity in uptake, ft/sec
Primary mass flow rate, lbm/sec
Secondary mass flow rate, lbm/sec
Mass flow rate of primary air, lbm/sec
Mass flow rate of fuel, lbm/sec
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The gas turbine engine is steadily becoming more and
more attractive as a prime mover for various shipboard
applications. One of the unique features of the use of
gas turbine engines is its relatively hot and voluminous
exhaust. This presents problems such as overheating of
antennae and other equipment by exhaust plume impingement
and the creation of an undesirable infra-red signature of
the hot exhaust plume. An effective means of reducing the
exhaust gas temperature is to mix it with ambient air prior
to its discharge from the stack. Exhaust gas eductor sys-
tems presently in service have demonstrated their effec-
tiveness in facilitating such a mixing process.
The subject of this investigation is the application of
multiple nozzle eductor systems for cooling the exhaust gas
from gas turbine powered ships. This research is an exten-
sion of work reported by Lt. C. R. Ellin [1], Lt. C. M. Moss
[2], and Lt. J. P. Harrell [3]. Whereas this previous work
has been carried out with cold flow testing, this investi-
gation is concerned with testing using hot gas as the exhaust
or primary flow. The scope of the work reported here in-
cludes completion of and subsequent changes to the combustion
gas generator designed and built by Lcdr. P. D. Ross [4]
.
For the purpose of this investigation, the exhaust gas
eductor system, illustrated schematically in Figure 1, is
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defined as the portion of the uptake which discharges the
exhaust gas through nozzles into a mixing stack. The purpose
of the eductor system is to induce a flow of cool ambient
air which is mixed with the hot exhaust gas in order to
lower the temperature of the exhaust stack and exhaust plume.
These gas eductors must meet three major requirements. They
must pump large amounts of secondary (cooling) air into the
mixing stack, they must adequately mix the hot high velocity
exhaust gas and the cool low velocity secondary air, and
they must not adversely affect the gas turbine's performance.
A one-dimensional flow analysis of a simple single-
nozzle eductor system, as a unit, facilitates determination
of the non-dimensional parameters which govern the flow
phenomenon. An experimental correlation of these non-
dimensional parameters has been developed and is used to
evaluate eductor performance.
The geometric parameters which influence the gas
eductor' s performance include the number and size of primary
nozzles, the length of the mixing stack, the ratio of the
primary nozzle flow area to the mixing stack area, and the
ratio of the length of the mixing stack to its diameter.
Numerous combinations of and variations in these parameters
have been investigated and reported in References [1]
through [3]
.
The intent of this investigation was to obtain data
using hot flow testing of gas eductor systems to establish
16

the effect of uptake gas temperature on the eductor '
s
performance. Correlation of hot flow data with previous
cold flow data allows a validation of the hot gas generator
and a validation of the use of cold flow models for hot
flow prototypes.
Two exhaust eductor models were tested. Both geometries
were tested previously using cold flow facilities. One
geometry was tested by Moss [2] and by Harrell [3] , each
at a different scale; the other was tested by Staehli and




II. THEORY AND ANALYSIS
Evaluation of the effects of eductor geometry on
prototype eductor performance through experimentation with
models requires the following: assurance of similitude
(geometric, kinematic, and dynamic similarity) between
model and prototype; the identification- of the dimension-
less groupings pertinent to the flow phenomenon; and a
suitable means of data analysis and presentation. Dynamic
similarity was maintained by using Mach number similarity
to establish the model's primary flow rate. Determination
of the dimensionless groupings that govern tne flow was
accomplished through the analysis of a simple air eductor
system. Based on this analysis, an experimental correla-
tion of the non-dimensional parameters was developed and
used in presenting and evaluating experimental results.
A. MODELING TECHNIQUE
For the flow velocities considered, the primary flow
through the model eductor is turbulent (Reynolds number
5based on diameter of approximately 10 ) . Consequently,
turbulent momentum exchange is a predominant mechanism
over shear interaction, and the kinetic and internal
energy terms are more influential on the flow than are
viscous forces. Since Mach number can be shown to repre-
sent the square root of the ratio of kinetic energy of a
18

flow to its internal energy, it is a more significant
parameter than Reynolds number in describing the primary
flow through the uptake.
Similarity of Mach number was therefore used to model
the primary flow. Mach number is defined as the ratio of
flow velocity to sonic velocity in the medium considered.
Sonic velocity, represented by c, can be calculated using
the relation
c = (g kRT) 0,5
^c
if the fluid is assumed to behave as a perfect gas.
Geometric similarity was achieved through the use of
a dimensional scale factor which is influenced by test
facility flow capabilities, primary flow velocities and
availability of modeling materials.
B. ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR
The theoretical analysis of an eductor may be approached
in two ways. One method attempts to analyze the details of
the mixing process of the primary and secondary flows
which takes place inside the mixing stack and thereby
determines the parameters that describe the flow. This
requires an interpretation of the mixing phenomenon, which,
when applied to multiple-nozzle systems, becomes extremely
complex. The second method, employed in this study, analyzes
the overall performance of the eductor system as a unit.

Since details of the mixing process are not considered in
this method, an analysis of the simple single-nozzle
eductor system shown in Figure 2 leads to a determination
of the dimensionless groupings governing the flow. The
one-dimensional analysis that follows is essentially that
of Ellin [1]
.
The driving or primary fluid/ flowing at a rate W and
at a velocity U , discharges into the entrance of the con-
stant area section of the mixing stack, inducing a secondary
flow rate of W at velocity U . The primary and secondary
flows are mixed and leave the mixing stack at a flow rate
of W and a bulk average velocity of U .
m r J m
The one-dimensional flow analysis of the simple eductor
system described depends on the simultaneous solution of
the equations of continuity, momentum, and energy with an
appropriate equation of state and specified boundary
conditions.
The following simplifying assumptions are made:
1. Both gas flows are treated as perfect gases with
constant specific heats.
2. Steady, incompressible flow throughout the eductor
and plenum exists.
3. The flow throughout the eductor is adiabatic. The
flow of secondary air from the plenum (at section 0)
to the entrance of the mixing stack (at section 1)
is isentropic. Irreversible adiabatic mixing occurs
20

between the primary and secondary flows in the
mixing stack (between sections 1 and 2)
.
4. The static pressure distributions across the
entrance and exit planes of the mixing stack (at
sections 1 and 2) are uniform.
5. At the mixing stack entrance (section 1), the
primary flow velocity U and temperature T are
ir ir
uniform across the primary stream, and the
secondary flow velocity U and temperature T are
uniform across the secondary stream; but U does
not equal U , and T does not equal T .
6. Incomplete mixing of the primary and secondary
flows in the mixing stack is accounted for by the
use of a non-dimensional momentum correction
factor. K , which relates the actual momentum rate
m
to the rate based on the bulk-average velocity and
density and by the use of a non-dimensional kinetic
energy correction factor, K , which relates the
actual kinetic energy rate to the rate based on
the bulk-average velocity and density.
7. Potential energy differences due to elevation are
negligible.
8. Pressure changes P to P, and P^^ to Pa are small
relative to the static pressure so that the gas





m9. Wall friction in the mixing stack is accounted
for with the conventional pipe friction factor
term based on the bulk-average flow velocity U
and the mixing stack wall area A .3 w
The conservation of mass principle for steady state
flow yields
W = W + W (1)
m p s
where
W = p U A
P P P P
W = p U A (la)
s s s s
W p U A
m m m m
Substituting for W , the bulk-average velocity becomes
W + W
U = — rr-E. db)
m Pm Am m
Now, from assumption 1
pm - A- (2)m
where T is calculated as the bulk-average temperature for
m
the mixed flow. Applying assumptions 4 and 6, the momentum
22

equation for the flow in the mixing stack may be written
W U W U W U
K
p [-V\ + l-^\ + P 1A1 = V^, + P 2A2 + Ffr
c 1 c 1 c 2
(3)
with A.. = A . The momentum correction factor K is intro-12 p
duced to account for a possible non-uniform velocity profile
across the primary nozzle exit. It is defined in a manner
similar to that of K and by assumption 5 is equal to unity
but is included here for completeness. The momentum correc-












The actual variable velocity and a weighted average density
at section 2 are used in the integrand. The wall skin-




F = f A [-5 S] (5)fr w 2 g
For turbulent flow, the friction factor may be calculated
from the Reynolds number as
P U D
.-0.2 , „ m m m , c ,
f = 0.046 (Re ) , where Rem = (6)
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Applying the conservation of energy principle to the
steady flow in the mixing stack with assumption 7
U
2





+ 7-E-J + w= [h <= + 9-4-1 = W [h + K *-£-]P P 2gcl s s gc 1 m m egc2
(7)




K = i—y / U 9
3
p 9 dA (8)
m m
It may be demonstrated that for the purpose of evaluating
the mixed mean flow temperature T , the kinetic energy
m J
terms may be neglected to yield
W W
h = r^ h + =3^ h (9)
m W p W s
m c m
where T = F (h ) only from assumption 1.mm
Similarly, the energy equation applied to the flow of
secondary air between the plenum entrance and the mixing
stack entrance may be reduced to




The foregoing equations may be combined to yield the











m tp Ap pp Ag P-
" " F1T]
W 2
IK. + >]} (IDAm pm m 2 Am -m m
where it is understood that A and p apply to the primary
flow at the entrance to the mixing stack (section 1) , A
and p apply to the secondary flow at this same section,9
and A_ and p_ apply to the mixed flow at the exit of them m
mixing stack (section 2) . P is atmospheric pressure and
a
is equal to the pressure at the exit of the mixing stack
P
2
» This equation also incorporates the assumption that
(P-)-, = (p_) n so that p may be taken as the density of
the secondary flow in the plenum.
C. NON-DIMENSIONAL SOLUTION OF SIMPLE EDUCTOR ANALYSIS
In order to provide the criteria of similarity of
flows with geometric similarity, the non-dimensional
parameters which govern the flow must be determined. One
means of determining these parameters is by normalizing







AP* = =— a pressure coefficient which compares
p Pa " P
2





secondary flow to the "driving head"
U 2
2 of the primary flow.gc
W











primary mass flow rate.
T




sp* = — a flow density ratio. Note that
since P = P and the fluids are
s p T
1perfect gases, p* = ^ = ^ .
s
A
A* = ~ area ratio of secondary flow area
to primary flow area
A
-S. area ratio of primary flow area to







area ratio of wall friction area to
mixing stack cross sectional area
K momentum correction factor for
P
primary flow




With these non-dimensional groupings, equation (11) may be
written as
ad* A A A
= 2 ^{[K - -rE. 3] - W*(l + T*) *£ 6
T* A L L p A WJ Amm c m m






For a given eductor geometry, equation (11a) may be
expressed in the form
AP*











= -2(^H) 3 (He)
m
C 3 = 2 S^ 1 " 2-A^V'B " ^B>
m p m
Equation (lib) may be expressed as a simple functional
relationship
AP* = F(W*,T*) ' (12)
A second means of determining the governing dimension-
less parameters is through a dimensional analysis of the
mixing process within the mixing stack. A presentation of
this method by Ellin [1] yields the same simple functional
relationship found in equation (12)
.
Two geometric dimensionless quantities were added to
this investigation. The distance, S, from the primary flow
nozzle exit to the mixing stack entrance and the distance,
28

x, from the entrance to the mixing stack, normalized with
respect to the mixing stack diameter, D, were also defined
as non-dimensional quantities. The two additional quan-





ratio of the axial distance from the
mixing stack entrance to the diameter
of the mixing stack.
standoff; the ratio of the axial dis-
tance between the primary nozzle exit
plane and the mixing stack entrance
to the diameter of the mixing stack.
D. CORRELATION OF EXPERIMENTAL DATA
The previous experiments by Ellin [1] , Moss [2] , and
Harrell [3] were done in facilities which did not have the
capability for varying the primary flow temperature. Thus
T* / the ratio of the absolute secondary to primary flow
temperatures was determined by the rise in temperature of
the primary air in the blower supply and was near unity
(approximately .85). A means of presenting the experimental
data for a given geometric configuration in a form which
results in a pseudo-independence of the dimensionless
groupings P* and W* upon T* was developed. From reference
[1] a satisfactory correlation of P*, T* and W* for all
29

temperatures and flow rates is
AP*/T* = F(W*T*°' 44 ) (13)
The details of the determination of 0.44 as the correlating
exponent are presented in Appendix [B] . A plot of AP*/T*
44
as a function of W*T* * from the experimental data yields
the eductor's pumping characteristic curve. Variations in
geometry will change the appearance of the pumping charac-
teristic curve and facilitate a direct one to one comparison
of pumping ability between various models and prototypes.
44
For ease of discussion, W*T* will henceforth be referred




Hot primary gas is supplied to the nozzle and mixing
stack system by the combustion gas generator and associated
ducting illustrated in Figures 3 and 4. The eductor system
being tested is mounted in a secondary air plenum which
facilitates the accurate measurement of the secondary air
flow through the use of ASME long radius flow nozzles mounted
on the secondary air plenum.
A. COMBUSTION GAS GENERATOR
The input air to the combustion gas generator is supplied
by a Carrier Model 18P350 centrifugal air compressor. The
compressor is located in an adjacent building and the input
air is piped underground to an eight-inch inside diameter
(ID) horizontal pipe with a butterfly-type shutoff valve
and a globe-type bypass valve. All air demands for this
testing can be met with the butterfly valve closed and the
globe valve open as necessary.
The input air travels through an entrance transition
piece that mates the eight inch ID compressor discharge
piping with the four inch ID system piping. This nozzle is
used to measure the primary air flow.
A portion of the input air travels straight through the
piping to the exhaust stack while the remainder passes
through the U-bend section to the combustion section. The
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combustion section includes the burner can and igniter
assembly from a Boeing model 502-6A gas turbine engine.
Certain fuel system components from this engine were also
utilized. The fuel system is shown schematically in Figure 5
and pictured in Figure 6
.
After the air is heated in the combustion section, it
is mixed with the cooler air after both pass through the
turbine nozzle box containing the bypass air mixer. By
controlling the relative amount of air passing through the
burner and the amount of fuel to the burner, the exhaust
stack temperature can be controlled. The procedure for
system light-off and operation is included in Appendix A.
The hot gas then passes up the exhaust stack to the
primary nozzles and the eductor system. A flow straightening
section was added to the uptake stack to de-swirl the hot
gas after it leaves the turbine nozzle box.
B. EDUCTOR AIR METERING BOX
Secondary air flow is measured with a large metering
box designed to enclose the entire eductor assembly and act
as an air plenum. A set of standard ASME long radius flow
nozzles of varying cross-sectional areas were chosen to be
mounted in the metering box away from the eductor.
The metering box was designed with interchangeable stack
seal plates to enable variation of both exhaust and mixing
stack sizes up to 1 foot in diameter. The seal plates also
have a limited range of vertical movement to facilitate

exhaust and mixing stack alignment. The entire box was
designed to be movable along an angle iron track parallel
to the gas generator stack longitudinal centerline. This
enables variation of the mixing stack to nozzle separation
distance without adjustment and realignment of the mixing
stack. The mixing stack end plate was also designed to
be movable to allow centering for various mixing stack
lengths. An access door was added for eductor adjustment.
The metering box general arrangement is pictured in Figure 7
and a dimensional layout is given in Figure 8.
Appendix D of Reference [1] outlines the design and
construction of the ASME long radius secondary air flow
nozzles. Flexibility is provided this secondary air flow
measuring system by utilizing three different flow nozzle
sizes: four of four inch throat diameter, three of two
inch throat diameter and three of one and a half inch
throat diameter, various combinations of which produce a
wide variety of secondary cross sectional flow areas.
Mounted inside the air metering box are supports for
the uptake stack and mixing stack. The interior of the air
metering box is pictured in Figures 9 and 10.
C. INSTRUMENTATION
The performance of an eductor is calculated from pressure
and temperature data taken at various points in the system.
Necessary measurements include the primary mass flow rate
(air and fuel) , the secondary mass flow rate, the uptake
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stack Mach number, and the mixing stack temperature and
pressure profiles.
Pressure measurements are made with one of several
manometers. Available are a 20 inch mercury upright
manometer, a 20 inch water upright manometer and a two inch
inclined water manometer. A manifold system allows selec-
tion of the instrument of proper range. Atmospheric pressure
(PA) is measured with a mercury barometer. A schematic of
the pressure measurement system is shown in Figure 11.
The manometer board and manifold system are pictured in
Figures 12 and 13.
Temperature measurements are made with either copper-
constantan or chromel-alumel thermocouples wired to Newport
model 267A digital pyrometers. The pyrometers are capable
of monitoring 18 inputs each through barrel-type selector
switches. Secondary air or ambient air temperature (TAHB)
was measured with a mercury-glass thermometer. A schematic
of the temperature measurement system is shown in Figure 14.
Fuel flow measurement is made with a Cox Instrument model
V4 0-A vortex flowmeter coupled to an Anadex Instruments
model CPM-603 frequency counter.
The calculation of the primary air mass flow rate
requires the measurement of the inlet absolute pressure to
the transition nozzle (PNH) , the pressure drop across this
nozzle (DELPN) , and the inlet air temperature. The calibra-
tion of this nozzle for the measurement of mass flow rate
34

as a function of these two pressure readings was previously
accomplished by Ross and details of this calibration can
be found in Reference [4] . The calibration curve is shown
in Figure 15.
The calculation of the secondary air mass flow rate
requires the measurement of the ambient pressure and tem-
perature, and the pressure drop across the secondary air
nozzles (PA-PS)
. The secondary air plenum is equipped with
pressure taps mounted both in the rear section containing
the air metering nozzles and in the front section containing
the eductor under test. No measurable difference was de-
tected between the two taps so the pressure tap nearest the
eductor was used in the data runs.
The uptake stack Mach number calculation necessitates
the measurement of the uptake temperature and pressure as
well as the primary mass flow rate. The uptake temperature
(TUPT) is measured with a chrome1-alumel thermocouple inserted
through the primary nozzle plate at the centerline and pro-
truding approximately two inches into the stack. Uptake
pressure (PEH) is measured through a four-point averaging
pressure tap located approximately seven and one half inches
(one diameter) upstream of the eductor nozzle entrance.
The mixing stack was constructed with pressure taps
every one-half diameter down the length of the stack. The
mixing stack pressure distribution (PMIX) is easily measured.
Chromel-alumel thermocouples were welded every one-half
35

diameter to the outside of the mixing stack to facilitate
measurement of the temperature distribution.
Temperature profiles at the exit plane of the primary
nozzles and the mixing stack are obtained using a chromel-
alumel thermocouple mounted on an adjustable traversing
mechanism shown in Figure 16.
D. EDUCTOR SYSTEM
The eductor system includes the eductor nozzles and the
mixing stack. Figure 1 shows the general eductor system
arrangement.
1. The Mixing Stack
The mixing stack was construe Led of 7.5 inch OD,
0.188 inch wall thickness stell pipe. Two lengths were
tested. First a 3 diameter long (21.366 inch) stack was
tested then a 2.5 diameter long (17.805 inch) stack was
machined from the long stack and tested.
The mixing stack is supported inside the secondary
air plenum by means of an adjustable saddle and held in
place by an adjustable metal band. The stack is also
supported by the adjustable collar at the plenum wall.
This collar can be seen in Figure 16. The adjustable saddle
and collar allows alignment of the mixing stack with the
primary nozzles.
2. Eductor Nozzles
The eductor nozzles investigated consisted of two
different four-nozzle geometries previously tested. The
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first geometry was a mixing stack to total nozzle area
ratio of 3:1 and the second was a mixing stack to total
nozzle area ratio of 2.5:1. The nozzle elements were machined
from steel tubing and welded to a circular nozzle plate
which was bolted onto the exhaust stack. The nozzles are
shown schematically in Figures 17 and 18 and are pictured
in Figures 19 and 20.
3. Standoff Ratio (S/D)
Both geometries investigated were tested at an
S/D value of 0.5. Previous testing [2] has shown this to




The pumping coefficient, W*T* 0,44
,
provides the basis
for the analysis of parameter variation effects on eductor
pumping. Figure 21 graphically illustrates the eductor
pumping characteristic curve defined by the experimental
data correlation of equation (13) . Design of the experi-
mental apparatus facilitates determination of the dimension-
less parameters in the experimental correlation with the
exception of the secondary flow rate at the operating point.
For the operational eductor system, little or no restriction
of the secondary flow is present. Modeling of this opera-
ting point precludes the use of restrictive flow measuring
devices, such as ASME flow nozzles used in model tests.
The technique of determining the pumping coefficient at the
operating point, then, is first to establish the pumping
characteristics of the eductor system. This is accomplished
by varying the secondary air flow rate from zero to its
maximum measurable value, using the ASME flow nozzles mounted
in the secondary air plenum and recording the temperatures
and pressures required to calculate the corresponding
dimensionless parameters. The "open to the environment"
condition is then simulated by removal of the end plates
on the secondary air plenum. Extrapolation of the charac-
44
teristic curve to its intersection with the W*T* axis




The mixing stack pressure and temperature distributions
were obtained from a series of pressure taps and thermo-
couples at half diameter distances along the mixing stack.
These pressures and temperatures were recorded at the "open
to the environment" condition and then plotted versus the
ratio of tap location (X) to mixing stack diameter (D) for
each geometry tested.
A measure of the degree of mixing of the primary and
secondary flows was obtained by plotting the mixing stack
exit plane temperature profile at the "open to the environ-
ment" condition. Two temperature profile traverses were
made. A greater degree of mixing of the flows will result
in a flatter temperature profile.
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V. DISCUSSION OF EXPERIMENTAL RESULTS
The intent of this investigation, as discussed earlier,
was to conduct hot flow tests of exhaust eductor systems
in an attempt to meet three primary objectives. The first
objective was to test and verify the proper operation of
the hot gas generator. The second was to validate the use
of the correlating parameter (W*T* ) . The third objective
was to obtain temperature data on the mixing stack wall
and of the exhaust gas at the mixing stack exit plane.
Initial testing of the hot gas generator was concerned
with ensuring that a sufficient range in uptake temperatures
could be obtained while maintaining the desired Mach number.
Uptake temperatures from 550°F to about 900°F were easily
obtained. The lower limit exists due to the requirement
for a minimum fuel pressure to the fuel nozzle. An attempt
to lower the uptake temperature below 550 °F necessitates
too low a fuel flow rate to achieve proper fuel atomization
and smoking or loss of ignition occurs. The upper limit
exists because an attempt to go to higher uptake temperatures
requires burner temperatures above the 1500 °F maximum. Lower
uptake temperatures are obtainable at higher Mach numbers
,
as are higher uptake temperatures at lower Mach numbers.
Primary nozzle exit plane temperature profiles taken by
Ross [4] indicated that the exhaust was swirling up the
exhaust stack. A flow straightener consisting of two wire
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screens placed two inches apart was installed in the uptake
stack one foot from the nozzle box. The temperature profiles
shown in Figure 22 are basically consistent from one nozzle
to another and are considerably flatter, indicating that the
flow straightener is effective in taking the swirl out of
the exhaust flow.
A temperature profile across the uptake stack at the
mid-length point was taken and is presented in Figure 23.
The temperatures taken at this point are normalized with a
reference temperature taken on the stack centerline lj inches
upstream of the primary nozzles. The temperature profile is
essentially flat, with the maximum temperature deviation
less than 2%. The average value of this curve is approxi-
mately one. The reference position was therefore used to
measure the uptake temperature, since it is essentially
equal to the average mid-length temperature.
Verification of the experimental setup was made by
duplicating previous cold flow results using the hot rig
under cold flow conditions. Figure 24 shows the results
of the cold flow test done by Moss [2] and the results
obtained with this setup for an identical geometry but
different scale. The pumping coefficients at the open to
the environment condition (P*/T* = 0) differ by only 1.5%.
Figure 25 gives a similar comparison for data taken by
Staehli and Lemke [5] for a different identical geometry




Pumping performance data was taken at a range of uptake
temperatures from 150°F (cold flow) to 850°F. Figures 26
and 27 show that although the performance data are contained
within a narrow band, a temperature related trend is present.
The cold flow data is at the upper edge of the band with data
at increased temperature fanning out below it. This result
is not predicted by the one-dimensional theory discussed
earlier and is an area of possible future study. Possible
causes include temperature effects on either primary or
secondary air flow measurement. For example, a leak in the
air metering box that is accentuated with temperature would
lead to an underestimation of W which would lower W* and
s
44in turn lower W*T** , shifting the performance plot.
Figures 28 through 37 give the pumping performance plots
at each condition individually. The pumping coefficients
at the open to the environment condition are all within 8%
of one another. The pumping coefficients of the Am/A = 2.5,
L/D =2.5 geometry (to be called the "2.5" geometry) are
about 30% lower than those of the Am/A = 3.0, L/D =3.0
geometry (to be called the "3.0" geometry). This agrees
with data obtained by Moss [2] and Staehli and Lemke [5]
.
Temperature and pressure data was acquired every half
diameter down the length of the mixing stack. The pressure
distributions presented in Figures 38 and 39 show a rise in
pressure down the stack indicating that the degree of mixing
of the primary and secondary flows increases down the stack.
Previous cold flow data gives similar results.
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The mixing stack axial temperature distributions are
given in Figures 40 and 41. Figure 42 shows the temperature
distributions at TUPT = 850°F and A /A =3.0 and L/D =3.0
compared to the same uptake temperature and A /A =2.5,
nr p '
L/D =2.5. The smaller nozzles (A^/A = 3.0) cool the stack
more effectively than the larger ones, as predicted by
the greater pumping coefficient achieved by this geometry.
The maximum stack temperature for the 3.0 geometry is 368°F
compared to 4 28 °F for the 2.5 geometry at the same uptake
temperature (TUPT = 850 °F)
.
Temperature profiles taken at the exit plane of the
mixing stack and presented in Figures 43 and 44 show that
the peak exhaust temperature for the 3.0 geometry is 11%
lower than the 2.5 geometry. Again, this is as expected
based on the larger pumping coefficient. These measurements
indicate that the peak temperatures occur about one-half inch
to the right of the stack centerline. A calculation of the
misalignment angle required to produce a one-half inch offset
gave an angle of about l-~ degrees. A check of stack align-
ment revealed a small alignment error which would corrobor-
ate the offset. It is not felt that this offset had any
noticeable effect on any other data taken.





The experimental results were presented in Section V
and the resulting conclusions are summarized here.
A. The hot gas generator performs as desired. It was
verified that a wide range of uptake temperatures
could be easily obtained. The system proved to be
stable, repeatable and relatively simple to operate.
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B. The pumping coefficient (W*T* ) is an acceptable
parameter to measure a system's pumping performance.
The performance plots were contained within a narrow
region, which shows that the use of cold flow data
presented in this way accurately correlates to hot
flow tests. Cold flow pumping coefficients were
corroborated with hot flow data.
C. Mixing stack wall and exhaust temperature data
follow the trends predicted by cold flow testing.
The A /A =3.0, L/D =3.0 geometry cools the exhaus-
m p




In addition to meeting the objectives mentioned in
Section V, this research has also raised questions to be
solved by further research. Some recommendations for further
study are listed below.
A. A study should be done to determine the cause of
the slight temperature related spread in the
performance data.
B. Previous studies have used exhaust velocities as
a measure of the mixing and hence, as a measure
of the exhaust temperature profiles. Previously
obtained velocity profiles predict a slight tempera-
ture depression at the stack centerline that is not
present in the data obtained in this study. Exit
velocity profiles should be obtained, allowing a
direct comparison of velocity and temperature data.
C. The end plate of the air metering box should be
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FIGURE 9. Interior of Air Metering Box Showing Uptake
Stack and Primary Nozzles
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FIGURE 10. Interior of Air Metering Box Showing






























































































































































































All dimensions in inches
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1
FIGURE 17. Dimensional Diagram of Primary Flow Nozzles
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All dimensions in inches




FIGURE 19. Primary Flow Nozzle Plate (Back View)
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FIGURE 21. Illustrative Plot of the Experimental Data
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PNH + B APN /(PNH+8)
-APN ma-
in. Hg) (in. H
2
0) ( (in.Hg) -in.I^O) (lmb/sec)
55.46 13.05 26.902 1.915
56.30 13.05 27.105 1.933
55.40 12.85 26.681 1.899
54.35 12.60 26.168 1.862
53.26 12.55 25.853 1.850
53.55 12.45 25.820 1.835
52.25 12.15 25.195 1.789
51.11 12.00 24.765 1.786
51.05 11.90 24.647 1.740
50.05 11.65 24.147 1.703
48.15 11.15 23.170 1.636
46.76 11.00 22.679 1.632
46.05 10.65 22.145 1.566
44.90 10.40 21.609 1.524
43.66 9.80 20.684 1.496
43.26 10.20 21.005 1.511
40.16 9.45 19.481 1.394
38.51 9.50 19.127 1.342
36.91 8.60 17.816 1.288
35.71 8.00 16.902 1.218
35.01 7.58 16.290 1.179
34.26 7.00 15.486 1.112
34.01 6.60 14.982 1.115
33.26 6.00 14.126 1.030
32.51 5.05 12.813 0.933
31.96 4.05 11.377 0.834
31.56 3.30 10.205 0.753
31.41 3.00 9.707 0.725
30.91 2.05 7.707 0.584
30.46 1.05 5.655 0.424
30.29 0.60 4.263 0.330
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TABLE VIII. Mixing Stack Exit Plane Temperature











































































































T 1316°R ± 1°R
B,Pa 30.04 in Hg ± .01 in Hg
APN 6.05 in H
2
<D ± .;05 in H
2
PEH 8.50 in H
2
. ± .05 in H
2
APS .52 in H
2
± .005 in H
2
<D
FHZ 103 Hz ± 1 Hz
PNH 3.90 in Hg ± .02 in Hg
r 1.126 in ± .005
Values in this table are from L/D = 2.5,
A /A = 2.5, TUPT = 850°F (Table VI)
m p





OPERATION OF THE COMBUSTION GAS GENERATOR
A. COMPRESSOR LIGHT OFF
The primary air flow is supplied by the Carrier Model
18P350 centrifugal air compressor located in Building 248.
This compressor's cooling system is piped into the cooling
tower system located behind the building. Figure 45 gives
a schematic of the compressor layout.
In preparation for compressor light off ensure that the
cooling water valve to the Sullivan compressor is closed,
then start the cooling tower pump and fan by pushing both
start buttons located on the south wall of Building 248
(see Figure 46) . The compressor can then be started by
completing the following steps.
1) Ensure that the compressor butterfly suction damper
in the airstream between the filter (on the roof)
and the compressor is closed (Figure 47)
.
2) Open the inlet water valve to the oil cooler
(Figure 47) wide enough to obtain an adequate flow
of cooling water.
3) Start the auxiliary oil pump by positioning the
on-off automatic switch (Figure 48) in the "hand"
position, thereby by-passing the auxiliary oil
pump out-in control.
4) When the oil pressure rises to at least 16 PSIG,
adequate pressure exists in the bearings and the
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compressor may be started by pressing the start
pushbutton. The compressor will then come up to
speed, at which time the auxiliary oil pump switch
is turned to the "automatic" position.
5) Open the compressor butterfly suction damper.
Precautions ;
1) During the period in which the compressor is coming
up to speed, the operator should check for:
(a) oil pressure in the range 20 to 22 PSIG
(b) any undue noise in the motor, gear, or compressor
2) During operation, check the bearing thermometers
periodically to ensure the bearing temperatures
do not exceed 185°F.
B. GAS GENERATOR LIGHT OFF
After the supply air compressor is in operation, the
following is a recommended starting sequence.
1) Energize the main power panel and the thermocouple
and mass flowmeter readouts.
2) Calculate the required mass flow rate to achieve
the desired uptake Mach number, M . The formula













TUPT = uptake temperature (DEC R)
PU = uptake pressure (in. H~0)
(PU can be assumed to Be 0.0 for the
first iteration)
B = atmospheric pressure (in. Hg)
m = mass flow rate of air (lbm/sec)
EL
mf = mass flow rate of fuel (lbm/sec) .(nu can be assumed to be .01 lbm/sec
for this calculation)
3) Figure 15 gives the primary air mass flow rate versus
the pressure product. The pressure product comes
from the transition nozzle calibration and is
defined as:
( (PNH + B) * APN)
*
where:
PNH = nozzle high pressure (IN. Hg)
B = atmospheric pressure (IN. Hg)
APN = pressure drop across nozzle (IN. H 2 0)
From Figure 15 find the pressure product corresponding
to the required mass flow rate found in Step 2 above.
4) With the burner air valve 100% open and the bypass
air valve (see Figure 3) 50% closed, open the main
air supply globe valve (Figure 49) until the desired
pressure product is reached.
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5) Adjust the bypass air valve until the U-bend
pressure difference (APu) is one inch of water.
6) Turn on the fuel supply pump and the high pressure
fuel pump.
7) Adjust the fuel control valve to obtain 150 PSIG
on the high pressure fuel gage (see Figure 5)
.
(Note: It is desired to obtain about 115 Hz on
the fuel flow meter, but this reading is not avail-
able until the fuel shutoff valve is opened. The
fuel pressure is therefore used as an initial
approximation of fuel flow rate.)
8) Energize the igniter plug and glow coil by depressing
the igniter switch. Hold this switch down for a
few seconds before opening the fuel shutoff.
9) Open the fuel shutoff valve by putting the emer-
gency shutoff switch in the "on" position. Watch
the fuel flowmeter; the reading should quickly
come to the 110-120 Hz range. Ignition should be
noted within 3-4 seconds. If ignition does not
occur quickly, turn off the emergency shutoff switch.
10) If ignition does not occur and the fuel flowmeter
indicated a flow outside the 110-120 Hz range,
adjust the fuel control valve to achieve a reading
in this range and repeat the procedure starting at
Step 7.
11) If ignition does not occur and the fuel flowmeter
indicated a flow in the 110-120 Hz range,
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a) Check to ensure the U-bend pressure differential
(APu) is one inch of water. If not, adjust
the cooling air valve to achieve this.
b) If the U-bend pressure differential is one inch
of water, check the igniter. The igniter can
be checked by activating the igniter switch with
no fuel flow and watching for a 3-5 degree
increase in burner temperature.
12) When ignition does occur:
a) Deactivate the igniter.
b) Begin closing the bypass air valve immediately
while monitoring burner temperature (T_.) .
a
Continue closing the bypass air valve until TDa
stabilizes. (Do not allow burner temperature to
exceed 1500°F.)
C. TEMPERATURE ADJUSTMENT
The temperature adjustment is an iterative process
consisting of the following steps.
1) Adjust the fuel control valve to achieve approximately
the desired uptake temperature (while monitoring the
burner temperature)
.
2) Check the pressure product. Re-adjust the main
air supply globe valve to obtain the correct value.
3) Adjust the fuel control valve and/or the bypass
air valve (see Figure 3) to achieve the desired
temperature. Rough temperature control can be
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achieved with the bypass air valve and fine control
with the fuel control valve.
4) Go to Step 2 and continue until the pressure product
and temperatures are satisfactory.
SYSTEM SHUT DOWN
1) Close the fuel shutoff valve.
2) Turn off the fuel supply pump and the high pressure
fuel pump.
3) Allow the system to cool for 5-10 minutes.
4) Close the compressor butterfly suction damper.
5) Turn off the compressor. Immediately after turning
off the compressor turn the auxiliary oil pump
switch to the "hand" position.
6) Allow the bearing temperatures to -reach 80 °F before





DETERMINATION OF THE EXPONENT IN THE
NONDIMENSIONAL PUMPING COEFFICIENT
The method used to determine the value of the exponent
n in equation (13) is outlined below.





and f, and calculate C, , C
2
and C- for use in
equation (lib)
.
(2) Set T* = 1.0, AP* = 0, and solve for W*max.
Equation (lib) plots as indicated in Figure 20; for AP* =
and T* = 1.0, the intersection of the curve with the w*T*
axis yields the value of W*max. Note that for each value
of T* < 1.0 (T* = T /T and T < T therefore T* < 1.0) a
s
/ p s p
different curve will result.
(3) For the same geometric configuration and other
values assumed and calculated in step (1) , calculate AP*/T*
using equation (lib) with W*T*n for different values of T*
in each case varying W* from to W*max in equal increments
of W*max. For each new value of T* tried, vary n until the
resulting plots of AP*/T* vs W*T*n for T* < 1.0 come close
enough to the initial plot obtained in step (2) where T* = 1.0
that, for all practical purposes, all such plots can be
represented by a single curve.
(4) The value of n which most effectively collapses all





The experimentally determined pressure coefficient and
pumping coefficient are used in determining eductor operating
points which in turn provide the basis for comparison and
evaluation of eductor system performance. A determination
of the uncertainties in these coefficients was made using
the method described by Kline and McClintock [10]. Data
for the eductor configuration described in Table VI is
considered a representative case and is used to calculate
representative uncertainties in the pumping and pressure
coefficients.
For a single sample measurement the value of a specific
variable should be given in the format:
x = x ± 6x
where
x = mean value of the variable x
6x = estimated uncertainty in x.
Variations for the variables in the defining equations for
the two coefficients are listed in Table IX. Having des-
cribed the uncertainties in the basic variables of a
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relationship, it is now necessary to determine how these
uncertainties propagate into the result. Consider the








A reasonable prediction of the uncertainty in the result
R is obtained by using the Second Order Equation suggested
by Kline and McClintock [10]
.
o R r. « ^ . <3R p > Z /oR c> \-3-i
6r = [(air «*!> + (35- 5V + (^T 6x3 ) ]
1 2 2
(b)
Evaluating the partial derivatives appearing in equation (b)
,
and normalizing by dividing through by result R yields the
simplified form of equation (b) which will be used in this
analysis.





~1TJl) + (~ST2 * J (c)
Determination of the uncertainty in the pressure
coefficient is facilitated by writing it as the product
of a series of terms,
£E± = (p^" 1 (AP) (U
p
)" 2 (T*)" 1 (d)
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where P represents the pressure difference (P - P rt )
.
a
Constants such as 2 g in the equation for the pressure
coefficient will be cancelled out when used in equation (c)
and are therefore not included in this analysis. Applying
equation (c) to the pumping coefficient in equation (d)
yields the following expression for its uncertainty:
AP*




v 1H18.2 , , (1) 6(AP) X 2
AP* L K p '
+ ( AP '
m* S
(










Taking into account the respective equations defining the
individual variables, the terms of equation (e) are
expanded as follows:




P]2 = [^PEH] 2 + ^ m\ 2
p = R T ' P„ PEH T^
p P P P
U
W 5U ~ 6W 6p 5A^
?-. I^l 2 = t(^H) 2 + (-E) 2 - (^£) 2 1
P P A ' L U J
L W ' v p ' A^F p P p P P P
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A^ = 47rr 2
, h-£] 2 = C2 6r ) 2P ' L A J ^ r '
W
p






2 C l 6PNH 9 C o 6B o c o <SAPN C. 6FHz^ = ^ ) + ^4—
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+ C-Sj ) + (-^ ) 2 ]


















Using the values of the variable and their respective
uncertainties listed in Table IX, the uncertainty in the




= .0187 = ± 1.9'
By a similar process, the uncertainty in the pumping
coefficient is estimated to be
6(W *T*'!^ )
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